In this Letter we consider very light Higgs fields in BMSSM(Beyond MSSM). The spectrum below TeV scale is the same as the MSSM but the Higgs potential is modified and is well described 
I. INTRODUCTION
The Standard Model (SM) has been almost completed by the discovery of top quark at the Tevatron and the only missing ingredient is the Higgs. LEP I/II experiments were done mainly to discover Higgs but without success up to Higgs mass 114 GeV [1] . Though it rules out small part of the parameter space for the SM Higgs sector, it rules out most of natural parameter space for the minimal supersymmetric standard model (MSSM).
In the MSSM, the quartic coupling of Higgs in the potential is determined from measured gauge couplings and the light CP even Higgs mass has an upper bound of about 120 GeV (which can be 130 or 135 GeV if stop mixing is maximal) [2] [3] . However, this upper bound is achieved only when the stop mass is as heavy as 1 TeV which makes it difficult to understand the weak scale out of it. This 'little hierarchy problem' in the MSSM has been considered seriously for recent several years and many possible extensions of the MSSM have been proposed [4] . Even within the framework of MSSM, it was shown that the boundary condition at high energy which provides negative stop mass squared can reduce the fine tuning for the electroweak symmetry breaking [5] and explicit model has been proposed [6] [7].
As an extension of the MSSM, NMSSM (next to MSSM) is one of the most popular scenarios [8] . Gauge sector extensions also have been proposed [9] [10] . Recently BMSSM (beyond MSSM) has been proposed as a frame to study possible operators which can affect the Higgs sector [11] . There are extra fields above TeV scale but these new states can be integrated out below TeV such that we still keep the spectrum of the MSSM below TeV down to the weak scale. These new TeV particles modify the conventional Higgs potential and can increase the Higgs mass in this setup [11] and also Higgs mixing angle can be significantly changed such that Higgs phenomenology can be quite different from standard one [12] . Electroweak baryogenesis with the light stop in BMSSM has also been studied [13] .
The LEP bound is applied to the SM Higgs and in principle it can be weaker in the MSSM, NMSSM or BMSSM if the production or decay is very different from the SM. There had been extensive studies on nonstandard decay of Higgs which can happen if there is an extra light particle (e.g., a singlet of NMSSM) and the decay of Higgs is not just bb [14] .
In this Letter, we extend the work in the framework of BMSSM [12] which alters the Higgs phenomenology (both production and decay) significantly. We assume that all new states other than the MSSM fields are heavier than TeV such that they are captured only through the effective higher dimensional operators after integrating out them. Thus the spectrum is the same as the MSSM below TeV. In this framework we propose a possibility of light Higgs which might have been produced at LEP I/II [15] [16] [17] . If CP odd Higgs (A) is lighter than Upsilon (bottomonium), it can alter Higgs decay significantly. In addition if light CP even Higgs (h) is lighter than Z boson such that Z → hA is kinematically allowed, bb produced from h decay can affect the electroweak precision data measured at LEP. In this case the suppression of Z → Zh is possible with the aid of BMSSM operators.
The contents of the Letter is following. Firstly, various Higgs search bounds are briefly reviewed to convince that light Higgs scenario proposed here is compatible with all the existing bounds. Secondly, we take the sample points of the BMSSM which have interesting features and can have interesting implications for the electroweak precision data of LEP.
Thirdly, we attempt to soften the discrepancy between the SM predictions and the LEP precision measurements within the scenario. Finally, we summarize and conclude.
II. LEP HIGGS SEARCH BOUNDS
For the SM Higgs, LEP bound on the Higgs mass is 114 GeV at 95 percent confidence level (C.L.). This equally applies to the Higgs field which has the same coupling to Z boson and decays in the same way as the SM Higgs. Therefore, there are two ways to avoid the bound.
If the production is suppressed, the bound becomes weaker. The modification of decay also makes the bound weaker depending on the channel. For the production, Higgsstrahlung is suppressed for light CP even Higgs if ZZh coupling is small. For g 2 ZZh = 0.04g
SM
ZZh , the Higgs can be as light as 70 to 75 GeV from decay mode independent search [18] .
In this case the other CP even Higgs H couples to Z boson with almost the same strength as the SM Higgs since there is a sum rule, g
ZZh . For H, we can modify its decay if CP odd Higgs decays mostly to AA rather than to bb. If Br(H → bb) ≤ 0.2 and m A < 10 GeV (lighter than 2m b ), H can be as light as 100 GeV as H → AA → 4τ does not give a strong constraint.
Once m A is very light, we also expect the charged Higgs mass to be close to W boson mass in MSSM-like theories as the tree level mass relation between charged Higgs, CP odd Higgs and W boson is following.
This is violated by loop corrections in the MSSM but the violation is very tiny. In BMSSM, the modification can be sizable depending on which operators are added, but still the charged
Higgs will be at around the weak scale. Such a light Higgs might be dangerous. However, it was shown that it can be perfectly consistent with the charged Higgs search from the top decay at the Tevatron since the charged Higgs decays not only to τ ν (and cs) but also decays to AW ± * [16] .
If h and A production is kinematically allowed at the Z pole, it can provide a very interesting signature. For small ZZh coupling which is needed to keep h lighter than Z boson, ZAh coupling is almost maximal and hA associated production is possible. The branching ratio of Z to Higgs is typically a few percent of Z to bb. There are two possibilities.
If h mainly decays to AA, Z → hA → 3A → 6τ puts a bound on h mass. If h is heavier than 70 GeV, the scenario is consistent with the current search bound. More interesting possibility is the case when h mainly decays to bb. Although it requires a fine tuning in the parameter choice since h coupling to A is of order one while it couples to b with a bottom Yukawa coupling which is smaller than one except at large tan β (tan β ∼ 60). In this case, Z → hA → bbτ + τ − would be the main decay channel. For m h ≥ 70 GeV, h and A are produced with very small kinetic energy and two taus decayed from A would be very soft.
Two tau jets carry about 15 GeV of energy (7.5 GeV each) and the measured energy of each tau jet will be typically smaller than 5 GeV since it emits at least one tau neutrino and can emit more in leptonic decays. If the energy of tau jet is less than 5 GeV, it is too soft to be identified as tau jet and the whole event will be recorded as hadron events.
In this Letter, we focus on the scenario in which Z → hA is kinematically allowed at There are many operators with effective dimension five and six in the BMSSM. In this Letter, we just consider two of them which might be relevant to the discussion. By including other operators, the whole parameter space would be expanded. Nevertheless, the main feature of the scenario would be the same.
The operators are
3 and 4 are real and 1 is assumed to be real to simplify the discussion. CP even Higgs mass matrix M 2 is given as follows.
already in the MSSM from top-stop loop but here we consider more general 3 which is not directly related to the stop mass. 3 can arise in the BMSSM if there is an extra U (1) and only H u is charged under the extra U(1). We do not discuss the detailed BMSSM model beyond TeV. Instead we will focus on the effective operators. 1 affects both the diagonal elements and the off-diagonal elements. 2 enters only in the diagonal entries. 4 affects only the off-diagonal elements. The dependence of CP even Higgs mass on BMSSM parameters can be read off from the two by two matrix. The one in the diagonal elements can increase the eigenvalues if it is positive. On the other hand the cancelation in the offdiagonal elements can reduce the level repulsion such that the lightest eigenvalue can be larger than before. Thus as long as the light CP even Higgs mass is concerned, the role of 2 and 4 are almost the same. Tree level mass of Charged Higgs is given by Higgs spectrum is shown in Fig. 1 . In the plots, the CP odd Higgs mass is chosen to be 
The corrections to the masses and couplings from 1 and 2 are also discussed in [19] .
It is clear that h → AA dominates over h → bb in most of parameter space. Nonetheless, there is a chance that h → AA can be suppressed compared to h → bb since h → bb is given by bottom Yukawa coupling alone (dominantly) while h → AA is given by two or three independent contributions. It is this cancelation which we will use to explain the forward backward asymmetry of bottom quark later in this paper. Fig. 2 shows the ratio of partial decay width Γ(h → bb)/(Γ(h → bb) + Γ(h → AA)) for tan β = 1.04, 1.6 and 2, respectively. This is basically the branching ratio of h → bb as bb and AA provide dominant decay channels. Br(h → bb) is larger than 50% in the skyblue and ivory regions. When tan β = 1.04, it is possible to have a cancelation of 1 and 2 contribution to g hAA coupling and there appears a bulk region in between 1 = 0 and 0.05.
The horizontal line with 2 ∼ 0 in Fig. 2 (a) shows that 1 dependence on g hAA almost vanishes since cos 2β ∼ 0. In other plots, the cancelation appears as a line in 1 and 2 plane and sizable Br(h → bb) is possible along the line.
Assuming that the conditions is satisfied (h → bb dominates over h → AA), we can compare how much of bb pairs can be produced from LEP compared to the ones directly produced from Z boson decay. Br(Z → hA → bb) depends on light CP even Higgs mass and CP odd Higgs mass because the most significant factor is the kinematic suppression at the Z pole. A decays into soft 2τ or cc and we assume these soft jets are not tagged. Fig. 3 shows the ratio of bottom quark events produced from Higgs compared to those from Z. Here Z → Zh is assumed to be zero and Z → hA coupling is maximized. Also Br(h → AA) is taken to be 1. For m h = 75 GeV, the ratio can be about 0.5 % and if it is lighter, m h = 70 GeV, it can be as large as 1%. The direct search limit from the LEP allows the light CP even Higgs as light as 72 GeV [20] .
In this section it is shown shown that the new parameter space of BMSSM allows light Higgs scenario. CP odd Higgs mass is about 7 or 8 GeV (lighter than 2m b ) and light CP even Higgs is about 70 to 75 GeV which avoiding model independent search bound from OPAL by having small ZZh coupling. There are two consequences of this scenario. One is that on-shell hA production is possible at the Z pole and there is a possibility that we FB between the prediction and the measurement existing in LEP data might be a hint for a new physics. We discuss whether light Higgs scenario might be relevant to reduce the tension.
Forward-backward asymmetry of bottom quark produced from electron-positron pair,
has been measured at LEP I and LEP II and it is the electroweak observable which shows the largest discrepancy compared to the standard model prediction:
A b FB SM = 0.1037 ± 0.0008.
The difference 0.0045 corresponds to 2.8σ deviation with the experimental error or 2.5σ deviation with the combined error. The strong constraints on the bottom quark pair production at the Z pole from R b measurements makes hard to resolve this deviation.
where q represents five quarks excluding top quark. The observed value and the standard model prediction agrees well: 
where the left-handed contribution is about 27 times larger. In general it is possible for a lefthanded coupling to obtain a percent level correction from a loop but to keep the branching ratio to be the same, we need about 25 percent correction to right-handed coupling g b R . Without significant modification of the right-handed coupling, the loop correction to the left-handed coupling is typically negative (from charged Higgs) and make it impossible to keep R b as it is.
If the charged Higgs is very light (lighter than 100 GeV) and tan β is close to 1, the (B)MSSM correction to Z → bb can be sizable such that R SM b can be reduced by 0.5%, 1% or 1.5% [25] .
Light supersymmetric particles can cancel the charged Higgs loop. Fig. 4 shows R BMSSM b which also includes light stop. For tan β = 1.5, the predicted R BMSSM b = 0.2150 which is about 0.7 % smaller than the measured value.
The correction appears in g L and it is impossible to make a sizable correction to g R (27 times larger one compared to g L ) from loop corrections to keep R b as it is. Such modification of g L , g R is not required if there are new processes which gives fake Z → bb signals. In light Higgs scenario of BMSSM, Z → hA → 2b + (2τ or cc) can be counted as Z → 2b + gluons events when tau jets are soft, because it is hard to distinguish soft tau jets from QCD backgrounds.
In this case, measured R b value should be compared to R values from loop correction of charged Higgs and SUSY. mq 3 = mt = 190GeV, A t = µ = 200GeV. This is calculated by our own code using formulae of [25] .
and measured
Because Higgs is a scalar particle, it evenly contributes to σ F and σ B , so it decreases A b FB . BMSSM has a parameter space such that prediction of R b is sufficiently smaller than R 
Let a = Γ(Z→hA) Γ(Z→bb)
. For very small a 1,
Therefore, if one loop correction decreases (g A e A b ).
Therefore, a = 0.012 will reduce A b (and thus A b FB ) by 1.2% which will make the difference between the prediction to be 0.0033 which is within 2 σ (1.8 σ). Here we simply assumed that hA production is isotropic and appears only in the denominator and cancels in the At first glance, b → sγ observable is not dramatically changed in BMSSM framework.
The reason is that Higgs sector, especially Higgs cubic and quartic couplings, suffers from considerable modification but chargino and squark sectors do not. However, such BMSSM operators can modify higgsino operators and then modify chargino and neutralino mixing.
Futhermore, squark mixing is also changed by superpotential modification by 1 operator.
In most natural case, stop and chargino masses are also as light as Higgs masses, and small modification to Higgsino sector could be important for b → sγ observable. BMSSM modification to chargino sector is given in chargino mass matrix
Stop mass matrix is given by
Consequently, chargino and stop mixing matrices are also changed. 1 term changes supersymmetric µ term as
Therefore, we can have effectively large higgsino mass and large stop mixing for small tan β 2 β = 708GeV 2 and tan β = 1.9. This is calculated by SuperIso v2.3 [24] stop mass should be less than 160 GeV which is certainly lighter than the top quark. It is generally the case for different choice of tan β and other supersymmetry breaking parameters.
Wino/higgsino mass also should be light since large loop corrections due to small tan β and light charged Higgs have to be canceled by supersymmetric counter terms (stop-chargino loop) which can be sizable when stop and chargino are light enough. This provides an interesting connection between our scenario and the electroweak baryogenesis which works only when the right-handed stop is lighter than top quark. The detailed study of the implication of BMSSM operators to b → sγ and muon g − 2 will be given elsewhere [26] .
VI. CONCLUSION
In this paper we explored the phenomenology of light Higgs scenario in BMSSM. More specifically, we found that h and A production at the Z pole is kinematically allowed in BMSSM. For very light A (≤ 10 GeV) and h slightly lighter than Z (∼ 70 GeV) which is still consistent with the LEP data, h and A are produced with small momentum. Bottom quark pairs produced from h are close to back to back and tau pairs from A are soft enough. 
